Bl TECHNICAL COMMENTS

DNA Looping and Lac Repressor-
CAP Interaction

The promoter regions of both eukaryotic
and prokaryotic genes that are regulated
contain multiple binding sites for tran-
scription factors (1). Interactions between
and among regulatory proteins bound to
promoter regions produce both positive
and negative synergistic effects on gene
expression in both eukaryotes and pro-
karyotes (1). The lac promoter of Esche-
richia coli has three binding sites for the lac
repressor (lacR) centered at +11(0)),
+400(0,), and —82(0;) relative to the
transcription start site and one for the
catabolite gene activator protein (CAP)
centered at —61.5 (2). Lewis and his col-
leagues (3) proposed a detailed structural
model based on co-crystal structures, with
CAP bound inside a DNA loop stabilized
by lacR bound to O, and Oj; on the oppo-
site side of the DNA. We do not find this
model to be correct.

The lacR is a tetramer and contains two
binding sites for lac operator DNA (4, 5).
Our 2.6 A resolution crystal structure of the
lacR core protein (6) showed two lacR
dimers held together by an antiparallel four-
helix bundle of COOH-terminal a-helices,
as suggested earlier by molecular genetic
studies (7). Unanticipated, however, was
the v-shaped, almost parallel arrangement
of the two dimers that placed the DNA
binding sites adjacent to each other on the
same side of the tetramer (6). This arrange-
ment of the binding sites has implications
for the possible wrapping of multiple-oper-
ator—containing DNA that we explored (6)
within the constraints of inter-operator
spacing and footprinting data from Miiller-
Hill and his colleagues (5). Among the
models considered (but not published be-
cause of the experiment described below)
was the possibility that lacR (bound to O;)
and CAP [bound to its site 20.5 base pairs
(bp) away] would interact favorably side by
side, as has been demonstrated to occur in
the Deo promoter, where CAP interacts
with CytR (a repressor homologous to
lacR), which is bound two turns of DNA
away (8). Previously published work by
Hudson and Fried (9) demonstrates cooper-
ativity between lacR and CAP when they
bind the lac operator region. However,
when Hudson and Fried performed DNA
footprinting experiments on ternary lacR-
CAP-DNA complexes, they did not detect
protection of Oj, although O; and CAP1
were efficiently protected.

To find out whether CAPI and Oj; are
bound cooperatively by their respective reg-
ulators, we performed gel retardation assays

with a double-strand oligonucleotide span-
ning the corresponding region of the lac
promoter (top sequence of Fig. 1A). We
detected no ternary complex between lacR,
CAP, and DNA, although either protein
bound DNA efficiently to form the respec-
tive binary complex (Fig. 2A). When either
of the binary complexes was combined with
variable concentrations of the third protein,
we observed competition for the DNA
probe, present in limiting concentrations.
We obtained similar results when we re-
peated these experiments with oligonucle-
otides bearing sequences of various affini-
ties for CAP and lacR, separated by 20.5
bases (10). We designed an oligonucleotide
that carried symmetrized versions of both
lacR and CAP-binding sequences, identical
to those used to solve the structure of the
DNA complexes of these proteins (3, 11),
except for a five-base “overlap” (bottom

Fig. 1. (A) DNA sequences used in
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sequence, Fig. 1A). These symmetric ver-
sions of the operators were spaced by 20.5
bp, as in the original lac operator, and the
resulting DNA molecule mimicked part of
the molecule that Lewis and his collabora-
tors state was used in their model building
of the ternary complex (3). No ternary
complex was detected on the DNA mole-
cule we designed, and competition between
lacR and CAP occurred, as in the case of
the original promoter sequence (Fig. 2B).
Quantification of the binary complexes and
free probe showed that the affinity of CAP
and lacR for DNA was markedly reduced in
the presence of an excess of the other pro-
tein, thus confirming our hypothesis that
these proteins compete for binding to cog-
nate sites separated by 20.5 bp, although
they cooperate when the same sites are 72
bp away (10).

There are several other reasons to
doubt that the detailed structural model of
lacR and CAP bound to the lac promoter
presented by Lewis et al. (3) is correct.
First, because the CAPI site on the lac
promoter is centered at —61.5, the Oj site
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ments of Fig. 2, A and B. Arrows
indicate the center of symmetry of
the lacR (base —82) and CAP (base
—61.5) operators. Top sequence is
from the lac promoter. Base num- 3.
bers are according to Gilbert (74).
Symmetric sequences of the lacR and CAP oper-
ators are underlined. Bottom sequence encom-
passes symmetrized versions of the two opera-
tors. Bases that are different from the lac promot-
er sequences are in bold. Shaded and open box-
es indicate the DNA fragments used to solve the
structure of the JacR-DNA and CAP-DNA com-
plexes, respectively. (B) Schematic representation
of the putative complex of CAP and /acR bound
on O; and CAP1.

Fig. 2. Gel retardation assays with
lacR and CAP. Top (A) and bottom
(B), DNA sequences shown in Fig.
1A were end labeled and incubated
with purified CAP and /acR [purifi-
cation as described by Schultz et al.
(77) and Friedman et al. (6), respec-
tively]. Binding reactions performed
in low ionic strength, essentially as
described by Hudson and Fried (9);
DNA concentration, approximately
1nM. Separation by PAGE, as de-
scribed by Perros et al. (15). Lanes
a to f: complexes formed in the
presence of 3 nM lacR and CAP
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concentrations, as follows: (a) 30 nM; (b) 15 nM; (c) 7.5 nM; (d) 3.75 nM; (e) 1.88 nM; and (f) 0.94 nM.
Lanes g to I: complexes formed in the presence of 3 nM CAP and /acR concentration, ranging from 30

nM to 0.94 nM.
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is centered at —82 (Fig. 1A), and both
proteins bind with their centers facing the
minor groove, they must bind to the same
side of the DNA (Fig. 1B). Lewis et al.’s
model has the two proteins on opposite
sides of the DNA resulting, it seems, from
an incorrect connecting of the co-crystal
structures of CAP and lacR complexed
with DNA’s that have five bp (=72 to
—176) in common. Second, the positions of
hypersensitive and protected deoxyribo-
nuclease I (DNase I) cleavage sites in the
DNA between O, and O; when bound to
lacR (5) are not consistent with looping of
the type proposed by Lewis et al. Third,
the bend of bound operator DNA ob-
served in the crystal structure, which
might facilitate formation of the hypoth-
esized loop, occurs only when the symme-
trized DNA is missing the central base
pair. Wild-type operators do not bend
upon binding to lacR (12).

Although there is cooperative binding
of CAP and lacR to DNAs of sufficient
length, the cooperativity appears to be
independent of the presence or absence of
the O; sequence, but dependent on the
length of the DNA upstream of O, (13).
Fried and his co-workers (13) have sug-
gested that cooperativity is achieved by
CAP’s ability to bend DNA and assist in
the formation of a loop with one lacR
dimer bound to O, and the other bound
nonspecifically to DNA that lies more
than 20 bp upstream of the center of O;.
Their data (13) suggest, indeed, that CAP
may bind within a 140- to 160-bp loop
between two segments of DNA that are
bound to the lacR tetramer, but not the
way that is proposed by Lewis et al. (3).
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The lactose operon has long served as a
paradigm for gene expression and its reg-
ulation. The recent solutions by Lewis and
his colleagues of the crystal structures of
the lac repressor and its complexes with
DNA and isopropyl-B-D-1-thiogalactopy-
ranoside (IPTG) provide highly detailed
views of molecular interactions that con-
trol the lac system (1). These structures
also provide a rational basis for the con-
struction of models of regulatory complex-
es that contain additional proteins. In one
such model, proposed by Lewis and his
colleagues, a lac repressor tetramer forms a
bridge between operator sites O, and O;,
and the intervening DNA (approximately
90 bp) forms a smoothly curved loop. The
structure of the transcription activator
protein (CAP) complex with bent DNA,
determined by Schultz et al. (2), was built
into Lewis et al.’s model, with its DNA
occupying the position corresponding to
the principal CAP site (Cl) of the lac
promoter. Lewis et al.’s model accounts, in
principle, for the enhanced repression of
lac transcription observed when templates
contain site O; as well as O, (3). Al-
though a role for CAP in this effect has
yet to be shown, its ability to bend DNA
by 90° to 130° (2, 4) makes its inclusion
plausible.

Lewis et al.’s model requires the simul-
taneous binding of site C1 by CAP and of
O; by repressor, with the proteins occupy-
ing opposite faces of the DNA helix. Data
currently in the literature appear to argue
against this. First, when CAP and repressor
bind independently, their sites, defined by
DNase [ protection, overlap by approxi-
mately 9 bp [(5); compare also Fig. 1, lanes
c and g]. Second, the center-to-center sep-
aration of these sites is only 20.5 bp [see, for
example (6, 7)]. If the intervening DNA is
B-form, both proteins should occupy the
same face of the helix. These results predict
steric clash between CAP and repressor
that might prevent simultaneous binding
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Fig. 1. DNase | footprint
analysis of the interac-
tions of CAP and /ac re- e
pressor with lac promot- -:‘Tﬁ
er DNA. The DNA used
was a 204 bp Hinf I-Pwull
fragment, 5’ 32P-labeled
on the template strand;
binding and footprinting
conditions were as previ-
ously described (5). Lane
a, G > A sequencing re-
action (77) products.
Lanes b to g contained
2.1 nM/ac DNA. Lanes ¢
tof, 4.1 nM CAP; lanes d
to g contained 4.5, 13.6,
22.7, and 6.3 nM lac
repressor, respectively.
CAP footprints at sites 1
and 2 labeled C7 and
C2; those of lac repres-
sor at operators 1 and 3
labeled O, and O,.
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and a geometry for the C1-O; complex that
is different from that proposed by Lewis et
al. (1).

We performed DNase 1 footprinting to
test these notions (Fig. 1). Protein-DNA
stoichiometries of individual complexes
were determined by mobility-shift assay
[(8); results not shown]. The binding of two
CAP dimers resulted in the protection of
sites C1 and C2 (lane c); the binding of two
lac repressor tetramers resulted in the pro-
tection of sites O, and Oj;. These protection
patterns correspond well with ones in
the literature (5, 6). The protection pat-
terns shown in lanes d through f are con-
sistent with the simultaneous binding of
CAP and lac repressor in the C1-O; region.
However, when both proteins are bound,
the margin of DNase protection in the re-
pressor site is moved upstream by 6 bp (9).
This interval is nearly the same as that of
the C1-O; overlap (see above). Displace-
ment of repressor by 6 bp should therefore
reduce the potential for steric clash with
CAP and place the proteins on opposite
faces of a B-DNA helix, as required by
Lewis et al.’s model (10). In view of the
high density of protein binding sites found
in promoters, assembly mechanisms that in-
volve binding site isomerization, like the
one shown here, may represent a common
theme in transcriptional regulation.
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Response: For many years the repressor of
the lactose operon has served as a proto-
typical model for studying gene regulation.
The x-ray structures that we reported (1)
of the repressor; the repressor bound to an
allosteric effector, isopropyl-B-D-1-thio-
galactoside; and the repressor complexed
to a symmetric 21-bp operator, provide
atomic models that describe the conforma-
tion of the repressor in the induced and
the repressed states. By comparing the
three structures, we could describe the
transition between states. Interestingly,
the allosteric changes are fundamentally
analogous to the transition between the T
and the R states observed in hemoglobin
(2). The structural transformation, how-
ever, is localized and requires only a
dimeric repressor, even though the ob-
served quaternary structure is tetrameric.
From the work of Miiller-Hill and his co-
workers, it is clear that the intact tetramer
is required for maximal repression (3), and
high levels of repression are observed only
when the tetrameric repressor binds to its
primary operator, O, and an ancillary site,
either O; (93 bp upstream from O, ) or O,
(401 bp downstream), and thereby form
repression loops (4). We built a model of
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the tetramer bound simultaneously to O,
and O; in order to account for the ob-
served tetrameric repressor and to provide
a physical representation of these repres-
sion loops. Our model was constructed by
creating the intervening DNA with a ra-
dius of curvature of about 40 A, thereby
linking the O, and Oj sites. Perros and
Steitz raise objections to this model and
argue against the proposed looping of the
repressor.

When the repressor associates with a
symmetric operator, there is a distinct bend-
ing of the DNA, and a pair of hinge helices
fit into the minor groove analogous to that
observed with dimeric purine repressor (5).
The binding to the minor groove, by neces-
sity, distorts the DNA. The minor groove
widens, which causes the operator to bend
away from the repressor. Perros and Steitz
suggest that the bending of the DNA is an
artifact of using a symmetric sequence and
propose that the repressor does not alter the
conformation of the wild-type operator
DNA. In contrast, the genetic analysis of
Miller and his co-workers has shown that
mutations in the hinge helix alter the abil-
ity of the protein to repress transcription
(6). A large number of amino acid substi-
tutions within the hinge helix result in
repressor molecules that can no longer bind
to the operator. In fact, the hinge helix is
nearly as sensitive to mutation as the amino
acid substitutions in the recognition helix,
suggesting that it plays a crucial role and
most likely binds to the DNA, as seen in
both the x-ray and the nuclear magnetic
resonance structures (I, 7). Moreover, the
hinge helix transmits the allosteric signal
from the inducer binding site to the DNA
binding domain. While the structural stud-
ies are admittedly contrary to the results of
Crothers and his co-workers (8), they are
fully consistent with the position-depen-
dent bending observed by Adhya and his
co-workers (9).

Perros and Steitz also argue that the
hypersensitivity and protected DNase [
cleavage sites as seen by Kramer et al. (10)
are inconsistent with the looping model.
These experiments demonstrated the im-
portance of correctly phasing the two oper-
ators and showed that the position of en-
hanced and decreased DNase I sensitivity
depends on the number of base pairs sepa-
rating the two operators. Because the spac-
ing of O, and O; is much larger than those
used in- the experiments, and because the
intervening sequence was nonnative, it
seems quite difficult to extrapolate and pre-
dict what will happen with the natural
operon.

Using gel retardation assays, Perros and
Steitz demonstrate that the repressor and
the catabolite gene activator proteins
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(CAPs) cannot bind simultaneously to a
fragment of DNA that encompasses both
the O; and the CAP1 sites. The bindings of
the two proteins are mutually exclusive, and
competition results when the sites are 20.5
bp apart; however, there is cooperativity
between CAP and lac when the separation
is 72 bp (11). Although the information
obtained from these experiments is useful,
the DNA fragment is too short for mutual
binding; therefore, their design does not
address the issue. The correct experiment,
which is central to our model, is described
in the comment by Hudson and Fried. It is
clear from their results that, given an ap-
propriate length of DNA, repressor can
bind both O; and Oj; in the presence of
CAP. Moreover, CAP increases the affinity
of the repressor for its sites. In our opinion,
the results of Perros and Steitz support our
model by demonstrating that repressor and
CAP cannot bind on the same face of the
DNA. Repressor and CAP can and do bind
simultaneously to O; and the CAPI sites, as
seen in the footprinting gel of Hudson and
Fried. The apparent discrepancy is resolved
by noting that the repressor contact site is
moved upstream by 6 bp, which places the
interaction on the opposite face of the
DNA from CAP.

When the lac repressor binds two dis-
tinct operators, it is likely that repression
loops will form with a structure that de-
pends on the physical properties of DNA,
as well as the length of the intervening
loop (12). Forming stable looped complex-
es, particularly for relatively short stretch-
es of DNA, may require additional DNA
binding proteins that can dramatically
change the physical properties of the nu-
cleic acid. CAP, for example, interacts
with a DNA sequence between the prima-
ry and an ancillary O; site. CAP binding
induces a bend of approximately 90° over
about 30 bp of DNA, causing the DNA to
kink (13). In our model, the CAP assists
the repressor in forming the repression
loop. While it may seem paradoxical that
a transcriptional activator (CAP) would
stabilize or promote the repressed state,
loops between O, and O; most likely form
when there are low concentrations of glu-
cose (and therefore elevated concentra-
tions of cyclic AMP promoting CAP bind-
ing) and lactose. In such instances, the
bacterium needs to reduce the basal level
of transcription of the lac operon to con-
serve energy, which is consistent with di-
auxic growth (14). In this way, the lac
repressor and CAP operate as an integrat-
ed switch that responds to the relative
concentration of these metabolites. Our
proposed physical model of the repression
loop accounts for the vast amount of ex-
perimental data describing the regulation
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of the lactose operon. In our view, the

model is fundamentally correct and con-
sistent with experimental results.
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The Loss of Atmosphere from Mars

Lubmann et dl. (1) and Jakosky et al. (2)
showed that the Martian atmosphere was
eroded (sputtered) by energetic OF ions
that are formed from escaping O and accel-
erated back into the atmosphere by the
solar wind fields. This collisional ejection
process appears to explain measured isotope
ratios for Ar and N in the martian atmo-
sphere (2, 3) and it may affect the early
evolution of this atmosphere (1-3). More
recently, D. M. Kass and Y. L. Yung (4)
presented a more detailed calculation of the
loss of Martian atmosphere. They found
that 3 bars of CO, are driven off by sput-
tering, an amount three times greater than
the size of Earth’s atmosphere. This is a
huge increase in atmospheric loss over the
earlier estimate of about 0.1 bars (I, 2).
This increase came about because Kass and

~ 102
E
S KY
':o_ 1014

= e MD

S e
8 10%4 MD

» i

(73 /

o /

o

101 . :
10° 102 103
E (eV)

Fig. 1. Dissociation cross sections for O + CO,
collision plotted as a function of the energy of the
O atom. Solid lines: O + CO, — O + C + 20;
dashed line: O + CO, — O + CO + O. Line
labelled KY, cross section assumed by Kass and
Yung (7); curves labelled MD, calculated values
using molecular dynamics with the universal inter-
action potential (6) for the interaction of the ener-
getic O with individual atoms in CO,. Three pair
potentials are used for CO,, which gives the cor-
rect dissociation energy for CO,, and for the result-
ing CO.
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Young assumed that full dissociation of CO,
(— C + 20) occurs readily in collisions of
an incident O with CO,. Therefore, C at-
oms, which have much lower gravitational
escape energies than CO, or CO, are effi-
ciently formed and energized, which in-
creases the loss of C dramatically.

Because the collisional dissociation cross
sections in the energy range of interest
(~20 eV to 1 keV) have not been mea-
sured, the dissociation cross section used by
Kass and Yung essentially maximized the
atmospheric loss process. The cross section
they used for dissociation in O + CO,
collisions can be compared to a molecular
dynamics calculation (Fig. 1). In that cal-
culation, the energetic O interacts with
each of the atoms in the molecule that are
bound together by pair potentials chosen to
reproduce the binding energies and inter-
atomic separations of CO, and the dissoci-
ation product CO. Although the use of pair
potentials in this manner typically leads to
an overestimate of the dissociation cross
section, the threshold for full dissociation
(solid curves) described by Kass and Yung is
shifted by about a factor of 5 from that
calculated, and the size of their cross section
is more than an order of magnitude larger
than that calculated. Because the size of
their cross section is roughly that of the
elastic collision cross section, the net con-
tribution of dissociation to the atmospheric
loss process is more than an order of mag-
nitude too large. In addition, the primary
collisional dissociation channel is seen to
be CO, — O + CO, so that only a small
fraction of the struck CO, produces C at-
oms. Therefore, although it is correct that
including CO, dissociation in all stages of
the cascade of collisions initiated by an
incident O* increases the C loss rate over
that described earlier (I, 2), Kass and
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Yung’s estimate of the effect is an order of
magnitude too large. ‘
Although over the history of Mars it is
certainly possible that more atmosphere
may be driven off by sputtering than the
amount given by Luhman et al. (1) and by
Jakosky et al. (2), it cannot occur in the
manner suggested by Kass and Yung (4),
even if their cross sections were correct.
That is, as the atmospheric escape rate in-
creases, the region in which the solar wind
ionizes and accelerates the escaping atoms
occurs at larger distances from the planet
(5), reducing the fraction of these ions that
impact the atmosphere. In the earliest mar-
tian epoch this feedback process is already
problematic for the much lower escape rates
calculated by Luhman et al. (I) and by
Jakosky et dl. (2).
R. E. Johnson
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University of Virginia,
Thornton Hall B103
Charlottesville, VA 22903, USA
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Response: The results presented in our re-
port (1) indicated that it was necessary to
consider dissociation during all collisions in
calculating the atmospheric loss from Mars
that results from sputtering. With the use of
the newly calculated cross sections present-
ed by Johnson and Liu in our model, we
find that Mars has lost about 1 bar of CO,.
The revised cross sections reduce our sput-
tering yields (Table 1), but do not bring our
results into agreement with Luhmann et al.
(2) and Jakosky et al. (3).

The effective decrease in the collisional
cross section pointed out by Johnson and
Liu of CO, — CO + O (channel I) by a
factor of about 5 and of CO, — C + 20
(channel II) by a factor of about 50 will not
result in decreases of 5 and 50, respectively,
in the collision frequency with CO,. At the
important energies for sputtering, collisions
with CO, result in some form of dissocia-
tion (Table 1).

The changes in the cross section (a fac-
tor of 5 for channel I and a factor of 10 for
channel II) do not have a linear effect on
the collision probability, but the ratio of



